Metal-ion and sequence dependent changes in the stacking interactions of bases surrounding abasic (AB) sites in 10 different DNA duplexes were examined by incorporating the fluorescent nucleotide probe 2-aminopurine (2-AP), opposite to the site (AB-AP opp ) or adjacent to the site (AB-AP adj ) on either strand. A detailed study of the fluorescence emission and excitation spectra of these AB duplexes and their corresponding parent duplexes indicates that AB-AP opp is significantly less stacked than 2-AP in the corresponding normal duplex. In general, AB-AP adj on the AB strand is stacked, but AB-AP adj on the opposite strand shows destabilized stacking interactions. The results also indicate that divalent cation binding to the AB duplexes contributes to destabilizaton of the base stacking interactions of AB-AP opp , but has little or no effect on the stacking interactions of AB-AP adj . Consistent with these results, the fluorescence of AB-AP opp is 18-30-fold more sensitive to an externally added quenching agent than the parent normal duplex. When uracil DNA glycosylase binds to AB-AP opp in the presence of 2.5 mM MgCl 2 , a 3-fold decrease in fluorescence is observed (K d = 400 ± 90 nM) indicating that the unstacked 2-AP opp becomes more stacked upon binding. On the basis of these fluorescence studies a model for the local base stacking interactions at these AB sites is proposed.
INTRODUCTION
Abasic sites in DNA (AB-DNA) can arise from the action of DNA repair glycosylases or various chemical processes (1) . For instance, the spontaneous hydrolysis of the purine glycosidic bond has been estimated to generate ∼10 4 AB sites per cell cycle in humans (2) . Thus, AB sites occur frequently in cellular DNA, and structural knowledge of such sites is important for understanding how repair enzymes recognize and repair these lesions (3) (4) (5) (6) .
Extant structural information on AB sites has largely come from nuclear magnetic resonance studies of apyrimidinic or apurinic sites in small oligonucleotides (7) (8) (9) (10) (11) (12) (13) (14) . An interesting aspect arising from these studies is whether the base facing the AB site is intrahelical or extrahelical. When adenine faces the AB site, it is found to stack inside the helix regardless of the nature of the residues flanking the AB site (8) . When guanine faces the site, it is found in a dynamic equilibrium between an intra-and extrahelical conformation (8) . When a pyrimidine faces the AB site, and the site is flanked by purine residues, then the pyrimidine is found in an extrahelical conformation, or a dynamic equilibrium between an intra-and extrahelical conformation (8) . Contrastingly, when the AB site is flanked by two pyrimidines, the pyrimidine opposite to the site is found in a stacked conformation (14) . Thus, these NMR studies performed in the absence of divalent cations suggest a high degree of flexibility at AB sites, and that the conformation of the site is highly dependent on base facing the site and the interaction energies between nucleotides flanking the site.
Although NMR is a high-resolution method for elucidation of stable conformations of oligonucleotides, it is often difficult to detect transient structures using NMR, or conformers that are in dynamic equilibrium. Therefore, other approaches, such as fluorescence spectroscopy, can often provide complementary structural and dynamic information. A useful fluorescent reporter group is 2-aminopurine deoxyribonucleoside (2-AP) which can be incorporated into specific sites in DNA using phosphoramidite solid-phase synthetic methods. The quantum yield of 2-AP is very sensitive to its environment, and exhibits strong quenching when AP is stacked in duplex DNA (15) . Thus, 2-AP has been used extensively to study the dynamics and structure of specific sites in DNA and to monitor interactions of enzymes with DNA (16) (17) (18) . Recently, 2-aminopurine riboside has also been used to study Mg 2+ -dependent conformational changes in the hammerhead ribozyme (19) .
In this study, I report on the effects of metal ions on the base stacking interactions at several AB sites, by monitoring the fluorescence spectra of a 2-AP base located both opposite and adjacent to these sites, and the sensitivity of the fluorescence to external quenching agents. These results indicate that physiological concentrations of divalent cations destabilize the local stacking interactions at these AB sites, with the largest effect seen when the *Tel: +1 301 738 6264; Fax: +1 301 738 6255; Email: stivers@carb.nist.gov 2-AP base is located opposite to the site. This effect was found to be largely independent of the base sequence surrounding the site. When the repair enzyme uracil DNA glycosylase (UDG) binds to the AB DNA, the unstacked 2-AP base re-stacks inside the helix, suggesting that such conformational changes may occur when other DNA repair enzymes bind AB sites. [The term 'unstacked', as used in this paper, refers to all possible conformations of 2-AP opp (2-aminopurine base located opposite to the AB site) that could lead to its altered spectroscopic properties as compared to normal duplex DNA. The spectra indicate that 2-AP opp is in a unique, temperature dependent conformation with increased solvent exposure, increased sensitivity to quenching agents and decreased excitation energy transfer from adjacent bases. These spectral qualities indicate decreased stacking interactions.] This work suggests a model for the relative stacking interactions near AB sites, and provides the foundation for transient fluorescence studies of the dynamics of these AB sites, both free in solution and bound to enzymes.
MATERIALS AND METHODS

Enzymes and reagents
Escherichia coli UDG was over-produced using a T7 polymerase based expression system (Novagen, Inc.) and purified essentially as described (20) . [Certain commercial equipment, instruments and materials are identified in this paper in order to specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the material or equipment identified is necessarily the best available for the purpose.] All other enzymes and reagents were of the highest quality available from commercial sources.
Oligodeoxynucleotide synthesis
Oligodeoxyribonucleotides were synthesized using an Applied Biosystems 390 synthesizer using standard phosphoramidite chemistry. The nucleoside phosphoramidites were purchased from Applied Biosystems or Glen Research (Sterling, VA). After synthesis, oligonucleotides were purified by either reverse-phase HPLC with the trityl group attached, (PRP-1 column, Hamilton) or anion-exchange HPLC with the trityl group removed, (Zorbax Oligo column, Rockland Technologies, Inc.). The oligonucleotides purified by anion-exchange chromatography were desalted using Sephadex G-25 gel-filtration chromatography using water as the eluent. The size and purity of the DNA was assessed by denaturing polyacrylamide gel electrophoresis with visualization by 32 P radiolabeling or ethidium bromide staining. The concentrations were determined by UV absorption measurements at 260 nm, using the pairwise extinction coefficients for the constituent nucleotides (21) . The oligonucleotides used in these studies are shown in Table 1 .
Hybridization of duplex DNA
Duplex DNA molecules (Table 1) were hybridized from equimolar amounts of the respective single-strand oligonucleotides in TN buffer (20 mM Tris-HCl pH 8.0, 60 mM NaCl and 0.1 mM EDTA). Samples were heated to 70_C followed by slow cooling to room temperature over at least 2 h. To confirm that the DNA was in the duplex form and that the stoichiometry for the strands was 1:1, native polyacrylamide gel electrophoresis was performed followed by staining with ethidium bromide. The melting temperatures for many of these duplexes were measured, and fell in the range 56 ± 1_C for the normal duplexes, and ∼ 6_C lower for the AB forms (TMN buffer, ∆T/∆t = 1_C/min, [duplex] = 1 µM). Thus, at the temperatures and concentrations used in this work both the normal and AB DNA molecules are in the duplex form. CD spectra were obtained using a JASCO J-720 spectropolarimeter at a duplex concentration of 5 µM in TN buffer containing varying concentrations of MgCl 2 . A cell with a 1 cm path length was used.
Continuous fluorescence kinetic assay for UDG activity UDG activity was measured by following the fluorescence increase of a 2-aminopurine base that was incorporated opposite to the excised uracil in the duplex DNA substrate. The initial velocity (in units of M/s) was calculated by measuring the initial linear slope of the fluorescence increase (in units of F/s), and then dividing by the constant a = ∆F/[S] tot , where ∆F is the maximal change in F and S tot is the total substrate concentration used in a given reaction. The rates and kinetic parameters measured using this assay have been shown to be indistinguishable from a radioactivity-based assay (not shown).
Preparation of aldehydic AB DNA
Two types of AB DNA molecules were used in these studies. The first is the synthetic tetrahydrofuran AB site analog that may be incorporated during solid phase oligonucleotide synthesis using phosphoramidite chemistry ( Table 1 ). The second AB site is the naturally occurring aldehydic form, which was prepared by treatment of deoxyuridine-containing duplex oligonucleotides (1 µM) with UDG (0.5-1 nM) in TN buffer at 25_C for at least 1 h. The reaction was determined to be complete by monitoring the fluorescence increase of the 2-AP base accompanying glycosidic bond cleavage (see Results), or by 5′-32 P labeling of the uracil strand followed by thermal cleavage of the AB sites and analysis by gel electrophoresis (3). It was not necessary to remove the trace amount of glycosylase or free uracil from the AB DNA product, because the contribution from the enzyme fluorescence is negligible, and identical fluorescence spectra were obtained with HPLC purified aldehydic AB DNA samples, as well the tetrahydrofuran AB site analog (not shown).
Steady-state fluorescence measurements
Steady-state fluorescence emission spectra of the AP-containing oligodeoxynucleotide samples were measured on a SPEX Fluoromax spectrofluorometer using a 3 mm square cuvette. The emission spectra were recorded over the wavelength range 330-450 nm with an excitation wavelength of 310 nm. The spectral bandpass was 4 nm for all emission spectra. The excitation spectra were recorded over the wavelength range 240-330 nm by monitoring the emission 370 nm. No corrections for inner filter effects were necessary because the maximal absorbance at each excitation wavelength was always <0.1.
Binding measurements
The apparent binding constants for divalent cation binding to the AB DNA molecules were determined by monitoring the increase in fluorescence (F) of the AP base using equation 1, which describes binding to a single class of sites. In this analysis, the Table 1 . Sequences of the single-and double-stranded oligonucleotides used in this study and fluorescence properties a The nomenclature for the oligonucleotides reflects the three base sequence surrounding the AB site (or uracil) on each strand. The nucleotides are listed in the 5′ to 3′ direction on each strand (i.e. AUA/TPT = 5′-AUA-3′/5′-TPT-3′). The average fluorescence emission maximum for all the duplexes was 370 ± 2 nm under all conditions tested. b These excitation maxima were determined from first derivative plots of the excitation spectra at 25_C in TN buffer. The values in parentheses are in the presence of 15 mM MgCl 2 . c Difference between the maximal wavelength for excitation (λ em = 370 nm) for the indicated AB DNA and the corresponding normal duplex [∆λ max = λ max (AB-DNA) -λ max (duplex)]. The values in parentheses are in the presence of 15 mM MgCl 2 . d The ratio of the fluorescence intensities at 370 nm for the abasic (F AB ) and parent normal duplex (F dup ) in TN buffer at 25_C. The values in parentheses are in the presence of 15 mM MgCl 2 . e P, 2-AP deoxyribonucleotide; f U, uridine deoxyribonucleotide; g D, deoxyribose aldehyde AB site; h F, 3-hydroxy-2-(hydroxymethyl)tetrahydrofuran AB site analog (39, 40) . For determining the dissociation constant of UDG for AFA/ TPT AB DNA, a 1 µM solution of the duplex DNA was titrated with increasing amounts of UDG. For this experiment, an excitation wavelength of 320 nm was used to minimize background fluorescence from tryptophan residues of the enzyme. The binding data were fitted to equation 2 after subtracting the The curve is a non-linear least-squares fit of the data to a hyperbolic saturation curve. The inset shows a double-reciprocal plot of the data. The rate constants derived from this data were:
The uncertainties in the kinetic parameters were taken as the standard errors of the fits, assuming that the standard deviation of the data points is approximated by the standard deviation of the points from the fitted curve.
background fluorescence of UDG from each spectrum. All binding measurements were done at 25_C using TMN buffer (10 mM Tris-HCl pH 8.0, 2.5 mM MgCl 2 , 25 mM NaCl). The concentrations of MgCl 2 stocks were determined by a colorimetric chloride assay reagent obtained from Aldrich Chemical Company.
Acrylamide quenching experiments
Quenching of the fluorescence (λ em = 369 nm) of 2-AP containing DNA oligonucleotides was performed by addition of increasing amounts of acrylamide to solutions of DNA in TN buffer (or TN supplemented with 15 mM MgCl 2 ) at 25_C. For measuring the fluorescence quenching of the UDG-AFA/TPT complex, UDG (20 µM) was first titrated alone to determine the background fluorescence decrease due to quenching of the tryptophan residues of the enzyme. Then the complex was titrated under the same conditions and the F o /F ratios for the free enzyme were subtracted from those determined for the complex, where F o and F are the fluorescence intensities in the absence and presence of the quench agent, respectively. The corrected ratios were plotted against the acrylamide concentration, and the slopes were determined by linear regression analysis.
RESULTS
DNA oligonucleotides and a new kinetic assay for UDG
The DNA oligonucleotides used in these studies and their abbreviations are indicated in Table 1 . The DNA sequences containing a single dU residue in an A/T rich context were initially chosen for mechanistic studies of UDG, and provide a convenient method for generating an aldehydic AB site at a defined position. I found that cleavage of the glycosidic bond in deoxyuridine (dU) by catalytic amounts UDG results in a surprisingly large fluorescence increase when the fluorescent base 2-AP is located opposite to dU in duplex DNA (Fig. 1A) . This UDG dependent fluorescence increase requires that dU be initially present in the DNA, is strongly dependent on the concentration of divalent cations in the buffer and is substantially reduced by the addition of EDTA (Fig. 1A) . As shown in Figure 1B and C, this fluorescence increase can be used to conveniently monitor the kinetics of glycosidic bond cleavage and accurately determine the kinetic parameters of UDG. These initial observations indicated that the fluorescence of the AB product was significantly greater than the substrate, and that divalent cation binding to the AB product increased this effect. Here I explore the basis for these unexpected results in detail.
Divalent cation effects on the steady-state fluorescence emission spectra of AP-containing DNA
The metal ion titrations in Figure 2A show that the fluorescence emission intensity of AFA/TPT AB DNA increases ∼4-fold as the concentration of Mg 2+ , Mn 2+ or Ca 2+ is increased from ∼0 to 15 mM , resulting in a final fluorescence intensity that is ∼6-8-fold greater than the parent duplex without the AB site. Similar divalent cation effects for other 2-AP opp -containing AB DNA molecules were measured, and the ratios of their fluorescent intensities relative to that of the corresponding parent duplex (F AB /F dup ) are reported in Table 1 . In contrast, much smaller fluorescence enhancements were observed when 2-AP was placed adjacent to the AB site (see F AB /F dup ratios in Table 1 ), and no change was seen in the control AB DNA with 2-AP placed two nucleotides 3′ of the AB site (DAP/TTA, Table 1 ). The parent duplexes without the AB site also show little or no change in fluorescence intensity when MgCl 2 is added (spectra not shown).
The fluorescence increase upon divalent cation binding was used to determine the apparent dissociation constants for Mg 2+ , Mn 2+ and Ca 2+ in similar titration experiments ( Fig. 2A, Table 2 ). The binding data fit well using equation 1, which describes binding to a single class of sites. It should be noted that the observed dissociation constants are influenced by both polyelectrolyte effects (22) , and any changes in structure that occur upon ion binding. These effects are not separated in the present analysis. Also, the binding data do not necessarily indicate that the AB site is the binding site for the metal ion, because the change in environment of the 2-AP base could result from conformational effects due to global binding of metal ions to the phosphate backbone. Nevertheless, these dissociation constants are in a physiologically relevant range, and should correctly reflect the levels of metal binding. Increasing the monovalent salt concentration also resulted in a linear increase in fluorescence of 2-AP containing AB DNA, although 150-200-fold higher concentrations were required to achieve the same maximal enhancements seen with divalent metal ions (Fig. 2B) . In contrast, the fluorescence of the corresponding normal duplex was unaffected by monovalent or divalent salts (ATA/TPT, Fig. 2A and B) . To rule out that the AB site or metal ions introduce a global distortion of the B-DNA structure such as a transition from B-to Z-DNA, CD spectra were acquired. In general, the normal and AB DNA spectra had a minimum at 250 $ 1 nm and a maximum at 284 $ 1 nm with a ratio A 284 /A 250 ∼0.64, indicating that these DNA molecules are of the B-DNA type (23) . No significant changes in the CD spectra of the normal or AB DNA molecules were observed upon addition of MgCl 2 (15 mM final concentration), or varying the temperature in the range 5-25_C (not shown).
Thus I conclude that (i) the change in environment of the 2-AP base that is induced by divalent cation binding is only seen for duplex DNA containing an AB site, (ii) the magnitude of the metal ion induced fluorescence change is greatest for 2-AP opp , and (iii) a localized conformational change at the AB site is being detected.
Effects of MgCl 2 and temperature on base stacking of 2-AP opp
The excitation spectrum of 2-AP containing DNA potentially contains two independent measures of the environment of the 2-AP base. First, the primary excitation peak of 2-AP is very sensitive to solvent exposure, and can red-shift by as much as 8 nm from its solvent exposed value (∼308 nm), when the base is in a stable stacked conformation in normal duplex DNA (24) (25) (26) (27) . Second, an excitation band in the 260-280 nm region of the excitation spectrum also indicates a stacked conformation. This band arises from singlet-singlet excitation energy transfer from adjacent DNA bases to the 2-AP base, and is diagnostic for base stacking (26) . Thus, this energy transfer band, and its dependence on temperature or divalent cation concentration, can provide a direct signal to monitor the influence of these parameters on the base stacking interactions of 2-AP.
The normalized fluorescence excitation spectrum of the ATA/TPT duplex at 25_C in TN buffer shows a red-shifted primary excitation peak at 318 nm, and a second strong excitation band in the 260-290 region indicating that the 2-AP base is shielded from the solvent, and stacked within the helix (dashed line Fig. 3A) . The shape of the excitation spectrum for ATA/TPT was unaffected by temperature or divalent cation concentration (not shown).
In contrast, when the temperature or [Mg 2+ ] is increased, the AFA/TPT AB duplex shows significant changes in the shape of its excitation spectrum indicating decreased base stacking of 2-AP opp . Increasing the temperature from 5 to 40_C results in a blue shift of the direct excitation maximum, and the complete disappearance of the energy transfer band in the 260-290 nm range (Fig. 3B) . Increasing the Mg 2+ concentration from 0 to 16 mM at 25_C produces similar changes in the excitation spectra (compare Fig. 3A and B) . Thus, at high temperature and high [Mg 2+ ] the equilibrium shifts towards a less stacked conformation of 2-AP opp . Similar effects of temperature and [MgCl 2 ] on the excitation spectra of the other AB DNA molecules with 2-AP opposite to the AB site were also observed (not shown).
Acrylamide quenching studies
To further assess the environment of the 2-AP base in the presence and absence of metal ions, acrylamide quenching studies were performed on single-stranded, AB and normal duplex DNA molecules, as well as AB DNA bound to UDG (see below). In Figure 4A , the concentration of acrylamide is plotted against the ratio F o /F, where F o and F are the fluorescence intensities in the presence and absence of added quenching agent. The slopes (K) of these Stern-Volmer plots are proportional to the accessibility of the quenching agent to the 2-AP base as well as the lifetime of the excited state (28) . The overall order of the measured slopes is: AB-DNA opp, (M2+) > single-stranded DNA (M2+) ∼ AB-DNA opp, (no M2+) >> normal duplex DNA > UDG-AB complex.
The slopes (K) of the plots shown in Figure 4A , in addition to those obtained from other DNA molecules in Table 1 , were normalized to the slopes measured for the ATA/TPT duplex DNA (K/K dup ), and these ratios are shown as bar graphs in Figure 4B . The data in Figure 4B show that the fluorescence of the AB-AP opp is 18-30-fold more sensitive to the quenching agent than the normal ATA/TPT duplex in the presence of 15 mM Mg 2+ , and is ∼8-fold more sensitive in the absence of Mg 2+ . The sensitivity of the fluorescence of AB-AP opp abasic DNA to the quenching agent drops 6.2-fold at 5_C (see AFA/TPT, Fig. 4B ), consistent with the excitation energy transfer band which indicated a stacked conformation under these conditions (Fig. 3A) . In contrast, 2-AP adj (the 2-aminopurine base located adjacent to the abasic site on either strand) duplexes (PDA/TAT and ADP/TAT, Fig. 4B ) have a lower relative sensitivity to the quenching agent, both in the presence and absence of Mg 2+ . This argues against a non-specific increase in accessibility to the quench due to phosphodiester charge neutralization by MgCl 2 .
Base sequence effects on the stacking interactions near AB sites
On the basis of the suggestion that guanine bases flanking AB sites promote unstacking of the base opposite to the site (14) , the fluorescence properties of AB duplexes in which G or C bases were placed in the positions flanking the AB site were investigated (see GDG/CPC and CDC/GPG, Table 1 ). The fluorescence intensity ratios (F AB /F dup ) for these duplexes were found to be similar to the ADA/TPT AB duplex both in the presence and absence of Mg 2+ (Table 1 ). The fluorescence properties of a 2-AP base located opposite to an AB site in a more random sequence context than the A/T rich duplexes tested above was also Table 1 Table 1 ). Therefore, the similar fluorescence intensity ratios of AB duplexes with purine and pyrimidine bases flanking the site, regardless of the sequence, suggests that 2-AP opp is in a similar environment for all these sequences, and is less stacked than in the corresponding normal duplex.
The differences between the 2-AP primary excitation maxima (∆λ max ) for nine different AB DNA molecules and their corresponding normal duplexes, are shown in Table 1 . In general, these data show that the AB DNA molecules with 2-AP opp have blue shifted excitation maxima, indicating increased solvent exposure of 2-AP. In contrast, the AB DNA molecules with 2-AP adj show either no change or red shifted excitation spectra, suggesting that the solvent exposure of bases adjacent to the site on the same strand is similar to the native duplex (see PDA/TAT and ADP/TAT, Table 1 ). Thus by all of the criteria used here, 2-AP opp appears to be in a unique less stacked environment irrespective of the sequence surrounding the site.
Binding of AB-DNA to UDG
The crystal structure of human UDG bound to duplex AB-DNA and uracil shows that the uracil nucleotide is flipped-out of the helix, but that the base opposite to the uracil is intrahelical and does not interact with any groups on the enzyme (29) . This structural result in combination with the fluorescence data reported here predicts that a fluorescence decrease should be observed when Mg 2+ SAB-DNA binds to UDG if 2-AP opp is less stacked in the free AB DNA. This prediction is substantiated by the titration data shown in Figure 5A and B. In the presence of 2.5 mM MgCl 2 , titration of AFA/TPT AB DNA with UDG results in an ∼3-fold decrease in 2-AP opp fluorescence (K d = 400 $ 90 nM). In the absence of Mg 2+ , a slight fluorescence decrease is seen when UDG binds to AFA/TPT AB DNA, (∼14%, not shown). Since the fluorescence intensity of the bound DNA is similar in the presence and absence of 2.5 mM MgCl 2 , then the ∼3-fold fluorescence decrease seen in the presence of Mg 2+ is reasonably attributed to the effect of this cation on the conformation of 2-AP opp in the free AB DNA. Thus, the enzyme shifts the equilibrium to favor a more stacked conformation for 2-AP opp .
DISCUSSION
Factors determining the conformation of AB sites in DNA
The structure of AB sites in DNA has been studied in detail previously using NMR (see 14 and references therein). The most recent NMR study has shown that the AB site induces a local kink of ∼30_ in the duplex DNA, but that the global structural parameters of the duplex are largely those of B-DNA (14) . As discussed earlier, these NMR studies performed in the absence of divalent cations suggest a high degree of flexibility at AB sites, and that the conformation of the site is highly dependent on base facing the site, and the interaction energies between bases flanking the site. As suggested by Coppel et al. (14) a reasonable explanation for why pyrimidine bases opposite to the AB site are sometimes found to be extrahelical is that the stronger π-π stacking interaction of purine bases flanking the site relative to pyrimidines is sufficient to kink the AB site, and expel the opposing cytosine or thymidine from the helix. Unstacked bases in duplex DNA have also been detected at A/G mismatches (30), 2-AP/G mismatches (24) and single-base bulges in DNA with similar flanking purine-induced stabilization of the stacked conformation as seen for AB sites (10, (31) (32) (33) . In addition, a recent NMR study has shown that the structure and stability of 2-AP:C mismatches depends on the strength of the stacking interactions between 2-AP and its flanking bases (34) . Thus, base stacking interactions appear to play a key role in determining the conformation of a variety of lesion sites in DNA.
The fluorescence and quenching data presented in Figures 2-4 generally support the above NMR evidence that a high degree of flexibility exists at AB sites and base mismatches, and that the base opposite to an AB site can be significantly less stacked than in duplex DNA. However, there are two differences between the present results and those obtained from NMR data. First, there is little difference in the stacking interactions of 2-AP opp (as judged by all of the spectroscopic criteria used here) when purine or pyrimidine bases flank the site. Second, in previous NMR studies it has been observed that regardless of the bases flanking the site, purine bases facing the site stack inside the helix (A), or are in a dynamic equilibrium between an intra-and extrahelical conformation (G) (see 14 and references therein). These differences may in part arise from the different DNA sequences used in this study and the NMR studies, or may indicate that the fluorescence measurements detect a partially unstacked state that is different from that observed by NMR (see below). In addition, 2-AP opp may have stacking interactions more similar to guanine than adenine (35) , and consistent with the NMR results, experience a dynamic equilibrium between a stacked and unstacked state. I note that in this model based on fluorescence measurements, the relatively well-stacked arrangement of the bases flanking the AB site is consistent with the proposed interactions of these bases based on NMR data (14) .
In addition to the effects of base sequence and stacking interactions, it has been shown here that metal ion binding to the phosphate backbone can also disrupt the stacking interactions of the 2-AP-base with nearby DNA bases. These conclusions are supported by the ∼4-6-fold increases in the fluorescence intensities of these AB DNA molecules upon metal ion binding (Fig. 2, Table 1 ), the metal ion induced blue shifts in the excitation spectra indicating increased solvent exposure (Fig. 3, Table 1 ), the temperature and divalent cation dependence of the excitation energy transfer band between normal bases and the 2-AP base ( Fig. 3A and B) , and the increased sensitivity of Mg 2+ SAB-DNA to an external quenching agent (Fig. 4) . To my knowledge this is the first evidence that metal ion binding to the phosphate backbone of AB DNA can provide a driving force to destabilize base stacking interactions at an AB site. This effect may simply result from compression of the phosphodiester backbone due to charge neutralization upon metal ion binding. Interestingly, compression of the phosphodiester backbone has also been suggested as a mechanism to promote base flipping by DNA repair enzymes (29) .
What is the nature of the unstacked state of 2-AP in AB DNA?
The present data may be placed in a structural and dynamic framework based on previous steady-state and time-resolved fluorescence studies on 2-AP containing DNA molecules and NMR studies on spontaneous base pair opening in duplex DNA. Steady-state fluorescence studies on normal B-DNA have shown that 2-AP, as well as other bases, exist in a temperature dependent equilibrium between stacked and less stacked states (26, 37) . Accordingly, fluorescence lifetime analyses of DNA typically show four lifetimes ranging from 50 to 8000 ps, with the shortest lifetime corresponding to a fully stacked state, and the longest lifetime corresponding to a small subset of 2-AP bases that are not stacked with their neighboring bases (∼ 8% for 2-AP:T base pairs at 20_C; 24).
In the steady-state fluorescence experiments presented here the observed spectra are the weighted average of the populations and lifetimes of all the fluorescent states which are present. Therefore, the metal ion induced effects may reflect an increase in the population of a completely unstacked state, or a loosely associated state that has an increased solvent exposure and fluorescence lifetime as compared to the fully stacked state.
Implications for molecular recognition
The dynamic flexibility of the AB site and its average conformation could potentially enhance or inhibit recognition by DNA repair enzymes such as AB endonucleases that must interact with these sites. The intrinsic flexibility of the site could allow the AB DNA to sample conformational space without a large energetic penalty. If some of these conformations are conducive to formation of productive complexes with proteins or enzymes then specific binding or catalysis can result. In contrast, if the productive conformation is energetically inaccessible from the average conformation, then site recognition may be hindered. Indeed, we have shown here that binding of UDG to its AB DNA product proceeds by an induced-fit mechanism, where the 2-AP base opposite to the AB site becomes more stacked upon binding. This result suggests that similar transitions may occur when other enzymes bind AB sites, and could play a role in AB site recognition.
